Objective: To investigate the incidence and risk factors associated with uncomplicated maternal sepsis and progression to severe sepsis in a large population-based birth cohort.
Introduction
In countries with developed healthcare systems, sepsis remains a leading cause of preventable maternal morbidity and mortality [1] . Over the past decade the incidence of maternal deaths from severe maternal sepsis has increased in several European countries, most notably the United Kingdom [1] [2] [3] . There has also been an increase in the incidence and severity of sepsis morbidity in the general US and European populations [4] [5] [6] [7] [8] . While the absolute risk of maternal death from sepsis is small in the US (0.60 per 100,000 live births in the US; extrapolated from Berg et al [9] ), the risk of severe sepsis morbidity is substantially larger (20.9 per 100,000 deliveries; extrapolated from Callaghan et al [10] ).
Pregnant and peripartum women represent a particularly vulnerable population for developing sepsis because the maternal immune system is modulated during these periods [11] . The systemic inflammatory response syndrome (SIRS), an indicator of uncomplicated sepsis, is usually recognized by specific biomarkers [12] . However, physiological changes of pregnancy can mimic and sometimes mask these biomarkers and thus the pathophysiology of sepsis. Recognition of an infection can therefore be delayed until progression to severe sepsis [13] . For this reason, an understanding of the risk factors along the continuum of sepsis morbidity from uncomplicated sepsis to severe sepsis is important for targeting preventive strategies that could be implemented 'upstream' of severe sepsis. A population-based study examining the risk factors and outcomes of maternal sepsis morbidity has not been carried out in the US. Further, although maternal sepsis, severe sepsis and septic shock have been studied in isolation from one another in other countries, there has not been a study assessing how risk associated with these factors changes with the progression of severity.
The aim of this study was to investigate the incidence and risk factors of uncomplicated maternal sepsis, severe sepsis and septic shock as well as the probability of progression to severe sepsis, among all births from 2005 to 2007 in California, where approximately one in eight US births occur.
Materials and Methods

Data Source
This study was conducted using data linked from the California Vital Statistics records and statewide hospital discharge data from the Office of State Wide Planning and Development (OSHPD). This linked dataset contains comprehensive demographic and clinical information including mode of delivery and ICD-9-CM diagnosis and procedure codes from the birth hospitalization of essentially all inpatient live births in California. The dataset is described in detail in a previous study [14] . Data were linked using a probabilistic matching algorithm for large public health data sets and is described by Jaro [15, 16] . The linkage was performed by the California Perinatal Quality Care Collaborative under grant support from the March of Dimes. Linkage protocols and internal validation are described in a previous study [14] . Hospital identifiers were masked in order to anonymize the data.
Ethics Statement
Institutional Review Board approval with waiver of consent for anonymous data was obtained from Stanford University and the University of California San Francisco.
Study Design and Outcome Variables
This was a retrospective cohort study of maternal sepsis among all in-hospital live births in California between 2005 through 2007. Outcome variables were: uncomplicated sepsis, severe sepsis and septic shock. Women were grouped according to the most severe outcome. Cases of uncomplicated sepsis were identified as those with an ICD-9-CM code for septicemia (038.1-038.9) or sepsis (995.91). Cases of severe sepsis were those with an ICD-9-CM code for severe sepsis (995.92), or a sepsis code plus the management indicators: length-of-stay $90th percentile for mode of delivery (at least three days), or a postpartum transfer to intensive care [10, 14] or if the woman died. We adopted these management criteria for severe sepsis in order to account for potential misclassification of sepsis severity [10] , since it was noted that a proportion of women with codes for septicemia or sepsis and no other severe morbidity had a long length-of-stay, other management indicators of severe morbidity, or were either transferred or died. These management criteria have been established in other morbidity studies [10, 14] , as administrative datasets do not usually contain clinical information (such as heart rate, respiratory rate, white blood cell count, etc.), which would otherwise be used as clinical indicators of severe sepsis. We also regarded sepsis as severe if it was complicated by other acute comorbidity and the woman had the criteria for severe sepsis (as defined above). Cases of septic shock were those with an ICD-9-CM code for septic shock (785.52). Women with multiple codes were categorized according to the most severe code; for example women with uncomplicated sepsis and severe sepsis codes were categorized as having severe sepsis, and women with uncomplicated or severe sepsis and septic shock codes were categorized as having septic shock. Final outcome groups were mutually exclusive.
Risk factors included demographic and clinical factors, other acute co-morbidities as well as management-based indicators of severe morbidity [17] (Tables 1, 2, 3 ). When payor status was analyzed, public insurance (Medi-Cal; California Medicaid) was grouped together with no insurance in order to avoid underreporting, because previous studies have found that up to 20% of women in California are uninsured during the first trimester of pregnancy before being later enrolled in a public program [18] . Adequacy of prenatal care was defined according to the Kotelchuck Adequacy of Prenatal Care Utilization Index; adequate prenatal care was defined as initiation of prenatal care within the first four months of pregnancy, and receipt of at least 80% of the expected number of prenatal care visits based on the American Congress of Obstetricians and Gynecologists (ACOG) prenatal care visitation standards for uncomplicated pregnancies [14, 19] . Other significant morbidities were identified according to ICD-9-CM diagnostic and procedure codes in addition to birth certificate diagnosis codes [14] . Chronic co-morbidities evaluated were diabetes and chronic hypertension. These conditions were identified according to ICD-9-CM codes for diabetes type I or II (diabetes mellitus) or gestational diabetes (ICD-9-CM codes 648.01-648.04 and 648.80-648.84), and chronic/pre-existing hypertension (essential hypertension, excluding preeclampsia/ eclampsia) (ICD-9-CM codes 401-405). Maternal deaths were identified from OSHPD disposition data and Vital Statistics records. These data however did not include direct cause of death, and do not capture women who were readmitted with sepsis or complications of sepsis and subsequently died; therefore case fatality rates and risk factors for direct maternal death from sepsis could not be assessed in this study.
Sample Size and Statistical Analyses
The sample size of this study was represented by the population incidence of maternal sepsis among virtually all hospitals in California; military hospitals and freestanding birth centers do not report discharge data (which comprised 1.9% (n = 31,884) of births). Data from these hospitals were therefore excluded, and the final analysis included the 1,622,474 births with reported discharge data. Frequencies of demographic and clinical variables and other significant morbidities were tabulated for uncomplicated sepsis, severe sepsis and septic shock case groups, and each group was compared to the immediately less severe group in the morbidity continuum [20] ; uncomplicated sepsis was compared with all other women who gave birth in California without a sepsis code, severe sepsis was compared with uncomplicated sepsis and septic shock was compared with severe sepsis. Comparisons were made using chi square, Fisher's exact and Wilcoxon rank-sum (Mann-Whitney) tests where appropriate.
There were no statistically significant differences in the proportion of a priori demographic and clinical factors (all factors except for mode of delivery) between severe sepsis and septic shock, and given that women with septic shock would have progressed through the severe sepsis stage, women with either of these outcomes were grouped together into a severe sepsis/septic shock outcome category. In order to evaluate the initial risk for developing sepsis, women with uncomplicated sepsis were compared with all other women who gave birth in California without a sepsis code. And in order to evaluate the risk for progression of sepsis severity, women with severe sepsis/septic shock were compared with women who had uncomplicated sepsis. All factors were initially compared using univariable logistic regression and then modeled using multivariable logistic regression. In the progression of severity model, with 783 cases of severe sepsis/septic shock compared to 815 cases of uncomplicated sepsis, and assuming a prevalence of exposure of at least 5.0% among women with uncomplicated sepsis, the analysis had 90% power at P,0.05 (two-sided) to detect a statistically significant odds ratio of 1.95 or greater.
Both multivariable models were constructed based on risk factors identified in previous literature and plausible confounding. All demographic and clinical factors were included in the models with the exception of metropolitan statistical area (MSA) and body mass index (BMI). Metropolitan statistical area was not included since it was found to be collinear with hospital volume. Body mass index was also not included since these data were only collected for one year, thus there was .60% missing data for this variable. The morbidities or management indicators: wound complication, coagulation disorder, organ system failures, blood transfusion, hysterectomy, and ventilation were not included because these factors were on the causal pathway of sepsis. Episiotomy, 3 rd or 4 th degree laceration and pelvic trauma were included in initial model iterations, but were removed because they were not significant in either univariable or multivariable regression, and did not affect the relationship between other predictor variables and the outcomes. In addition, both models were re-run with the 'public/uninsured' health insurance group disaggregated to test for any significant effects on the risk associated with other predictor variables (such as prenatal care) and the outcomes; no significant effects were detected. Likelihood ratio tests with a significance level of P,0.01 were used to check for interactions between demographic and clinical variables; no significant interactions were identified in the final adjusted model. The final models were adjusted for possible hospital clustering effect and were calculated using robust standard errors. Adjusted odds ratios (aOR) with 95% confidence intervals (CIs) are reported. Since all variables with the exception of those discussed above were included in the adjusted models, only results of the multivariable analysis are shown. Differences in rates reported in the text are all statistically significant. Stata SE statistical software 12.1 (StataCorp, College Station, TX) was used for all analyses. 
Results
During the study period from 2005 through 2007, there were 1,622,474 live births in California of which 1598 mothers developed sepsis. The absolute risk of developing sepsis was ten per 10,000 live births (95% CI = 9.4-10.3). Of all women who had sepsis, 807 had uncomplicated sepsis, 735 had severe sepsis, and 56 had septic shock. The absolute risk of all severe sepsis including septic shock was 4.9 per 10,000 live births (95% CI = 4.5-5.2). Of all inpatient maternal deaths, 14 mothers had severe sepsis/septic shock (11.5% of all maternal deaths over the study period).
The distributions of demographic and clinical characteristics among the non-sepsis obstetric population and the three sepsis outcome groups are shown in Tables 1-2 respectively. There were significant differences in age, education, ethnicity, presence of diabetes and mode of delivery between women with uncomplicated sepsis and the non-sepsis obstetric population. There were significant differences between women with severe sepsis compared to those with uncomplicated sepsis in race, ethnicity, health insurance status, parity, plurality, diabetes, hypertension and mode of delivery. However only mode of delivery differed between women with septic shock compared to severe sepsis, with a higher cesarean section rate for septic shock.
The distributions of other significant morbidities and maternal death among the non-sepsis obstetric population and the three sepsis outcome groups are shown in Table 3 . The median length of postpartum hospital stay was progressively longer with increasing sepsis severity. The median length-of-stay for severely septic women without other acute co-morbidity was also five days (IQR = 4-10). Compared to women with uncomplicated sepsis, a larger proportion of women with severe sepsis had preeclampsia, postpartum hemorrhage and wound complications. The rate of preeclampsia was also more than three times higher among women with septic shock compared to women with severe sepsis (37.5% vs. 10.2% respectively; p,0.0001). The proportion of morbidities and management indicators of severe morbidity, which occur along the causal pathway of sepsis (wound complication, coagulation disorder, organ system failures, blood transfusion, hysterectomy, and ventilation) increased significantly with increasing sepsis severity. Nearly all wound complications across the spectrum of sepsis severity were among women who had a cesarean section. The case fatality of women with septic shock was 14.3% (95% CI = 6.4-26.2).
In assessing the risk of developing sepsis, compared to the nonseptic obstetric population, women who were $25 years, who had high school or less education, or who had public or no health insurance were at significantly greater risk of developing uncomplicated sepsis, after adjustment for hospital clustering and all factors in the model (Table 4) . Primary and repeat cesarean section were also associated with uncomplicated sepsis however the temporality of cesarean section vis-à-vis uncomplicated sepsis could not be determined. In assessing the risk of progression from uncomplicated sepsis to severe sepsis/septic shock, women who were of Black or Asian race, Hispanic ethnicity, who had public or no health insurance, diabetes, chronic hypertension, who delivered in low volume hospitals (,1,000 births per year), were primipa- rous or had a multiple pregnancy were at significantly increased risk of progression to severe sepsis. Risk associated with a priori demographic and clinical factors was significantly cumulative; compared to women without sepsis, for every additional factor, risk of uncomplicated sepsis increased by 25% (OR = 1.25; 95% CI = 1.17-1.32), and risk of progression to severe sepsis/septic shock increased by 57% (OR = 1.57; 95% CI = 1.41-1.74). The absolute risks for uncomplicated and severe sepsis in groups of women with multiple risk factors are shown in Figure 1 .
Discussion
This is the first population-based cohort study of the continuum of maternal sepsis severity in the US. We find that the rate of severe sepsis is approximately twice the estimated national rate, and that significant socioeconomic disparities exist among women who develop sepsis compared to those that do not. In addition to known clinical risk factors, public or no insurance, racial and ethnic minority status, low hospital birth volume, diabetes and chronic hypertension play a role in the risk of progression to severe sepsis/septic shock. Importantly, risk associated with a priori factors is significantly cumulative.
Callaghan and colleagues, in their study of severe morbidity during delivery hospitalizations in the US from 1991-2003, found that the rate of all severe morbidity was 5.1 per 1,000 deliveries, of which sepsis accounted for 4.1% [10] ; this extrapolates to a severe sepsis rate of 2.1 per 10,000 deliveries. Using identical severity criteria, we found that the rate of all severe sepsis including septic shock in California from 2005 to 2007 was 4.9 per 10,000 live births. Factors that may partially contribute to this significantly Table 3 . Other significant morbidity and maternal death among non-sepsis obstetric population compared to women with uncomplicated sepsis, compared to severe sepsis, compared to septic shock in California (2005) (2006) (2007) The Continuum of Maternal Sepsis Severity PLOS ONE | www.plosone.org Table 4 . Adjusted odds ratios for factors associated with uncomplicated sepsis and severe sepsis/septic shock. higher rate are differing denominators (deliveries vs. live births), as well as inclusion of ICD-9-CM codes for sepsis, severe sepsis and septic shock, in addition to the ICD-9-CM code for septicemia. In our study, the additional sepsis codes accounted for 12.3% of severe cases. For comparison, even without these cases included, and taking into account the 0.6% [21] national rate of stillbirths (included in the 'deliveries' denominator), the severe sepsis rate would be approximately 100% higher than the previous national estimate. These results may therefore indicate a real increase in the incidence rate of severe sepsis in the obstetric population.
Although we are unable to comment on whether there has been an increase in California specifically due to the lack of previous sepsis studies, there has been a significant increase in the rate of severe morbidity [14] and maternal death in California [22] , indicating a likely increase in the rate of severe sepsis morbidity. Additionally, national rates of hospitalization for sepsis in the general population have more than doubled since 2000 [23] . Public or no insurance [24] , racial and ethnic minority status [22, [25] [26] [27] , and low hospital birth volume [14, 28] as risk factors for sepsis and progression to severe sepsis are consistent with other morbidity studies. Women with diabetes are at increased risk for maternal sepsis death [3] , however the risk of severe sepsis morbidity has not been quantified at the population level. We found that diabetic women had 47% greater adjusted odds of progressing to severe sepsis compared to septic women without diabetes. This result represents the extension of previous findings that diabetic compared to non-diabetic women are at increased risk of infection during pregnancy and postpartum [29, 30] .
The association between preeclampsia and certain types of infection, particularly urinary tract infection has been well established, however the mechanism of the association in still unclear [31] . Several studies suggest that infection plays a key role in initiation of preeclampsia or enhances the systemic inflammatory response [32, 33] . Although it is unclear whether infection is causative of preeclampsia, results of this study and another recent study from the UK [12] , indicate a strong association between the inflammatory process of sepsis and preeclampsia.
Interestingly, we also found that chronic (preexisting) hypertension, independent of preeclampsia, was a strong risk factor for progression to severe sepsis. Chronic hypertension has not been demonstrated to be a risk factor for maternal sepsis in previous studies. This result may be attributed to the significant increase in chronic hypertension in the obstetric population [34] , however the population prevalence was still very low. Although sparsely described for the obstetric population, the pathogenesis of severe sepsis and septic shock can differ between normotensive and hypertensive women. A sign of severe sepsis is hypoperfusion which is marked by hypotension, however women with chronic hypertension may develop critical hypoperfusion at a higher blood pressure, and therefore earlier, than normotensive women [35] .
Established risk factors for developing sepsis supported by this study include older maternal age and cesarean section [2, 36] . Given that prophylactic antibiotics should have been in general practice during the study period, it is possible that a proportion of women undergoing a cesarean section may have had an infection prior to delivery, although there was also a strong association between cesarean section and wound complication indicating postoperative infection as well. Changes in recommendations for the timing of prophylactic antibiotics administration to preincision, as apposed to intraoperative were implemented in 2010 by the ACOG; it is the standard practice in non-obstetric surgery [37] and clinicians should adhere to this guideline as it has been demonstrated to reduce the rate of postoperative infection [37] . Primiparity, multiple births and postpartum hemorrhage were all associated with progression to severe sepsis and have also been identified as risk factors for severe sepsis in previous studies [2, 38] .
Our results should be considered in light of several limitations. First, data used in this study are subject to possible inaccuracies inherent in administrative datasets. Although it was impossible to audit potential misclassification, it is likely that the large sample size mitigates random errors, while adjustment for hospital clustering accounts for systematic reporting errors at the hospital level. As body mass index was only available for one year, it was not possible to adjust for the potential confounding effect of obesity [12] , particularly with regards to diabetes and hypertension. Additionally, it was not possible to assess the temporality of factors such as mode of delivery and acute comorbidities with respect to sepsis, or to comment on the effect of labor induction on comorbidities with respect to sepsis because we did not have access to this variable. There was also insufficient power to exclude the role of chance in the lack of association between maternal age $35 with the odds of progression to severe sepsis. Lastly, elements such as Hispanic ethnicity may not be representative of the wider US population.
Results of the study have significant implications for heath policy and obstetric patient care, particularly in light of an apparent increase in incidence and the significantly cumulative effect that a priori factors have on the risk of progression along the sepsis severity continuum. Clinical risk factors such as primiparity, multiple birth, diabetes and cesarean section have been incorporated into obstetric guidelines for sepsis in other countries [39, 40] , however, there are currently no national obstetric clinical guidelines for prevention and management of obstetric sepsis in the US. Risk of deterioration associated with these factors, which may complicate management, must also be considered. Chronic hypertension with possible early hypoperfusion, and high risk for preeclampsia must also be considered in obstetric sepsis guidelines. Lastly, socioeconomic and racial disparities associated with the risk of progression to severe sepsis clearly exist and must be addressed at public health policy and patient care levels.
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